Proliferative vascular lesions of the heart were found in mice exposed chronically to 1,3-butadiene by inhalation with an overall incidence of 30% in males and 43% in females. Based on histological criteria, the lesions were subclassified as endothelial hyperplasia with an incidence of 7% in males and 13% in females and hemangiosarcoma with an incidence of 23% and 30%, respectively. A dose-relationship for both lesions was observed in females, but not in males. The absence of a dose response in males was most likely due to the lower survival rate for high-dose animals (14%) when compared to .the lower-dose animals (22%). Endothelial hyperplasia was characterized by widened vascular spaces lined by a single layer of plump endothelial cells. When cellular pleomorphism and piling up of endothelial nuclei were observed, the lesion was diagnosed as hemangiosarcoma. Ultrastructural examination of heman$osarcoIpas revealed lumen formation, intercellular junctions and cytoplasmic filaments. Pinocytotic vesicles which are 1 of the characteristics of endothelial cells could not be identified with certainty. Weibel-Palade bodies were not detected in the neoplastic endothelium. Metastatic lesions were observed in liver, lung and kidney. To date, 1,3butadiene is the only carcinogen reported that induces proliferative vascular lesions in the heart of mice.
INTRODUCTION
Primary cardiac hemangiosarcomas are extremely rare in man and animals, including rodents (5, 6, 9, 10) . Hoch-Ligeti and Stewart (6) reviewed the literature and materials accessed at the Registry of Experimental Cancers with regard to cardiac neoplasms in mice and described vascular cardiac lesions in only 1 untreated and 2 irradiated mice. In addition, induction of cardiac neoplasms has not been reported in mice treated with various known carcinogens, such as urethan, nitrosourea, or nitrosamine derivatives (reviewed by 6).
The present report gives the light microscopic and ultrastructural features of cardiac hemangiosarcomas occumng with a relatively high incidence in B6C3Fl hybrid mice exposed to 1,3-butadiene (CH,=CH-CH=CH,; CAS No. 106-99-0) by inhalation (7, 12) . The chemical is a colorless, noncorrosive flammable gas used mainly to make synthetic rubber and thermoplastic resins (8). In 1983, 2.3 billion pounds of butadiene was produced in the United States (2) and an estimated 65,000 workers are potentially exposed to the chemical (13) . The large production, the widespread exposure of the population and the absence of long-term toxicity and carcinogenesis data in mice were the reasons for the National Toxicology Program to test the chemical in this animal species.
In addition to the heart, carcinogenic responses were observed in the lung, forestomach, mammary gland, ovary, and thymus (7, 12). Since the histological features of these types of neoplasms are well documented in the literature, this report will only focus on the proliferative heart lesions.
METHODS

Aiiiiiials
One hundred fifty each ofmale and female B6C3F1 hybrid mice, 5 to 6 weeks old, were obtained from Charles River Breeding Laboratories (Portage, MI). The animals were quarantined for 21 days prior to 46 at SAGE PUBLICATIONS on December 9, 2012 tpx.sagepub.com Downloaded from the start of the study at the test facility (Battelle Pacific Northwest Laboratories, Richland, WA). The animals were individually housed in stainless steel wire cages (Lab Products, Rochelle Park, NJ) in Battelle-designed inhalation chambers (Hartford Sysi tems, Inc., Aberdeen, MD). Water was provided ad libituin by an automatic watering system (Edstrom Industries, Waterford, WI). Food (NIH 07 diet, Zeigler Bros, Gardners, PA) was freely available except during exposure. The average temperature in the inhalation chambers was 23-24°C and the average relative humidity was 55%. A light schedule of 12 hours light-12 hours dark was used. Groups of 50 mice ofeach sex were exposed to air containing 1,3-butadiene (Phillips Petroleum Co., Phillips, TX) at concentrations of 0,625, and 1,250 ppm, 6 hours a day, 5 days a week for 60 weeks (males) and 61 weeks (females). The study was intended to last 103 weeks, but it was terminated early because of low survival due to tumor induction. All animals were observed twice daily for signs of morbidity and mortality. Body weights were recorded once per week for the first 12 weeks of the study and once per month thereafter.
Pathologic Examination
Complete necropsies were performed on all animals found dead, killed when moribund, or killed at the end of the study. Tissues were fixed in 10% neutral buffered '.formalin, embedded in paraffin, sectioned at 5-6 pm, and stained routinely with hematoxylin and eosin (H&E). In addition, selected heart sections were examined with the following stains: Masson's trichrome, phosphotungstic acid hematoxylin, periodic acid Schiff, Gomori's reticulum, Gordon and Sweet's reticulum and alcian blue, pH 2.5. Furthermore, 5 heart lesions were removed from the paraffin block, deparaffinized, rehydrated, fixed in 2% glutaraldehyde, postfixed in 1% osmium tetroxide and embedded in Epon. Thin sections were cut and stained with uranyl acetate and lead citrate, and examined with an electron microscope.
RESULTS
Macroscopic Findings
In 15% of the cases, heart lesions were observed grossly and were often associated with hemothorax. The lesions appeared as white or dark red nodules or as dark red protrusions that were most frequently seen at the apex of the heart. Related gross lesions were observed in the lung and more frequently the liver. Lesions in the liver were often the only ones detected grossly. Multifocal lesions were common in this organ and they vaned from pin point red foci to large dark red fluid-filled cysts often bulging above the surface of the liver. Hemoperitoneurn .was occasionally seen in animals with a liver lesion. Pin point red foci were seen on the pleural surface of the lungs in a few animals.
Microscopic Findings
The microscopic appearance of the heart lesions varied appreciably. Two types of proliferative lesions were distinguished, namely endothelial hyperplasia and hemangiosarcoma. The incidence of these lesions in males and females are listed in Table  I . A dose relationship for both lesions was observed in females, but not in males. The absence of a dose response in males was most likely due to a lower survival rate for high-dose animals than for lowdose animals ( Table 11 ). Most lesions were encountered in animals killed at the termination of the study (Fig. 1) . A hemangiosarcoma was diagnosed in a low-dose male as early as 32 weeks of study.
Males Females
Early lesions (endothelial hyperplasia) appeared as widened vascular spaces lined by a single layer of prominent plump endothelial cells resting upon muscle fibers (Fig. 2a ). Sometimes the lesion had a more papillary appearance, whereby the increased numbers of plump endothelial cells were grouped around a muscular core (Fig. 2b) . Mitotic figures were seen occasionally in the hyperplastic lesions. The occurrence of cellular pleomorphism and piling up of endothelial nuclei were used as criteria for the diagnosis of hemangiosarcoma (Fig. 3a, b) . The larger neoplasms were often solid nodules with cleft-like spaces lined by rounded to elongated pleomorphic cells with large vesicular nuclei and prominent nucleoli. The cleft-like spaces sometimes contained red blood cells (Fig. 4) . Mitoses were common in the larger lesions. The lesions in the heart were often multifocal and not uniform in histological appearance suggesting a multicentric origin. The left ventricular wall and the interventricular septum were most often affected. Larger lesions present in the left ventricular wall occasionally breached the visceral pericardium. Neoplastic cells were found on the epicardial surface ofthe heart in these cases. Neoplastic cells were PAS and alcian blue negative. Reticulin staining was absent in the larger lesions whereas the staining pattern of the early lesions was difficult to interpret since the outline ofthe cardiac fibers stained positive.
Hemangiosarcomas were also observed in the lung and liver but less frequently than in the heart. Eleven of 16 low-dose males and 5 of 7 high-dose males with a cardiac lesion also had a liver lesion. In females, 7 of 1 1 low-dose mice and 9 of 18 high-dose mice with a cardiac lesion also had a liver lesion. One high-dose female had a liver lesion and no heart lesion. The liver lesions were micronodular and were characterized by a proliferation of single or multilayered tumor cells along vascular spaces (Fig. 5) . The cells varied from rounded to spindle-shaped with vesicular nuclei and prominent nucleoli. Liver cells adjacent to vascular lesions were often atrophied. Four low-dose males and females and 6 highdose females with cardiac lesions also had vascular lesions in the lung. The lung lesions were small, focal and consisted of vascular channels lined by spindleshaped cells along a core of fibrous tissue giving the lesion the appearance of richly vascularized fibrous tissue (Fig. 6 ). Furthermore, neoplastic endothelial cells were found in the glomerular tufts of 1 highdose male.
Ultrastrircttiral Findings
Ultrastructural evaluation was somewhat limited by the inadequate preservation of detail in the formalin-fixed, paraffin retrieved tissue. The following observations were made. Neoplastic endothelial cells were found between the cardiac muscle fibers and were sometimes arranged around a central lumen filled with erythrocytes. In 1 case, neoplastic cells were found adjacent to a normal endothelial cell (Fig. 7) . The neoplastic cells showed the presence of well developed rough endoplasmic reticulum, ribosomes, mitochondria, intraplasmic filaments, and intercellular junctions (Fig. 7) . Definitive identification of pinocytotic vessels was not possible due to the inadequate preservation of the tissue. Weibel-Palade bodies and basal lamina or fragments of basal lamina were not observed.
DISCUSSION
The occurrence of primary cardiac hemangiosarcomas as described in this report is unique in 2 ways; 1,3-butadiene is the only known carcinogen that induces vascular cardiac neoplasms and a high incidence of these rare neoplasms (23% in males and 30% in females) occurred at a relatively young age. Up until now, only 3 reports describing a total of 9 primary malignant cardiac neoplasms in mice have been published (3, 6, 15) . Three of the 9 neoplasms were rhabdomyosarcomas (3, 15), 3 were mesenchymal cell sarcomas and 3 were hemangiosarcomas (6). Of the 3 mice with hemangiosarcomas, 1 involved the heart only, whereas in the other 2 cases additional sites were also affected. It could not be established with certainty in the latter 2 cases whether they were of multicentric origin or whether they originated at a single site and then metastasized to other sites, including the heart (6). Although multicentricity of the lesion was also l of the characteristics of the lesion in the study reported here, the heart was regarded to be the primary site of the lesion and the lesions in liver, lung, and kidney were regarded to be metastatic foci. This was based on the following observations: early proliferative vascular lesions were only observed in the heart, the incidence was highest in the heart, and with only 1 exception, a cardiac hemangiosarcoma was found in each animal having a liver, lung, or kidney hemangiosarcoma (7) . The diagnosis of hemangiosarcoma in the mice was based entirely on the light microscopic appearance of lesions. In man, ultrastructural and immunohistochemical studies can be Intercellular junctions were found between neoplastic cells. x 17,702. very useful in establishing the diagnosis of hemangiosarcoma. The ultrastructural characteristics of endothelial cells are 1) lumen formation, 2) basal lamina, 3) intercellular junctions and marginal folds, 4) pinocytotic vesicles and fenestrae, 5 ) cytoplasmic filaments, and 6) cytoplasmic granules with a tubular substructure, the Weibel-Palade body. The first 5 characteristics are non-specific when found alone, but they are highly suggestive when found together in a group of cells (1). The demonstration of Weibel-Palade bodies is generally regarded as the definitive proof for an endothelial origin of the lesion although their presence has been noted in pericytes (1 7). We were able to demonstrate lumen formation, intercellular junctions, and cytoplasmic filaments. Due to the inadequate preservation of the formalin-fixed tissues, we were not able to identify with certainty, pinocytotic vesicles. According to Egloff (4), the demonstration of basement membrane substance in vascular human tumors is often not possible which is in accord with our findings. The absence of Weibel-Palade bodies in our cases corresponds with a recent finding of Murray (1 l), who did an ultra-structural study of 15 vascular tumors from various strains of mice and of normal mouse tissue containing capillaries. The vascular tumors and the endothelial cells in capillaries of normal tissue did not contain Weibel-Palade bodies leading to the conclusion that these structures were not reliable ultrastructural markers for mouse endothelial cells. Factor VIII related antigen and the lectin UIex eiiropaeza agglutinin I are frequently used as markers for normal and neoplastic human endothelial cells, but neither react with mouse endothelium (11, 14) . The absence of Weibel-Palade bodies and Factor VIII related antigen in mouse endothelium may be related. It has been reported recently that Weibel-Palade bodies contain factor VIII related antigen (16).
In conclusion, it appears from our study that the diagnosis of proliferative vascular lesions in mice heavily relies on light microscopic findings. Electron microscopy may be of some help in establishing the diagnosis in mice if one is able to demonstrate lumen formation, basal lamina, intercellular junctions, cytoplasmic filaments, and pinocytotic vesi-
